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(57) ABSTRACT 

The present invention is directed to a mathematical approach 
to detect faults by reconciling known data driven techniques 
With a physical understanding of the HVAC system and 
providing a direct linkage between model parameters and 
physical system quantities to arrive at classi?cation rules 
that are easy to interpret, calibrate and implement. The fault 
modes of interest are loW system refrigerant charge and air 
?lter plugging. System data from standard sensors is ana 
lyzed under no-fault and full-fault conditions. The data is 
screened to uncover patterns though Which the faults of 
interest manifest in sensor data and the patterns are analyzed 
and combined With available physical system information to 
develop an underlying principle that links failures to mea 
sured sensor responses. These principles are then translated 
into online algorithms for failure detection. 

20 Claims, 7 Drawing Sheets 
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FAULT DIAGNOSTICS AND PROGNOSTICS 
BASED ON DISTANCE FAULT CLASSIFIERS 

This application claims priority to US. Provisional Appli 
cation No. 60/605,080 Which Was ?led onAug. 27, 2004 and 
US. Provisional Application No. 60/635,523 Which Was 
?led on Dec. 13, 2004. 

BACKGROUND OF THE INVENTION 

The present invention relates to heating, ventilation and 
cooling (HVAC) systems, and more particularly to fault 
diagnostics associated With early detection and isolation of 
failures in HVAC systems. 
HVAC systems often do not function as Well as expected 

due to faults developed during routine operation. While 
these faults are indicative of a failure mode, many faults do 
not result in immediate system shut doWn or costly damages. 
HoWever, most faults, if unnoticed for a long period of time, 
could adversely affect system performance, life, and life 
cycle cost. 

While diagnostics refer to detection and isolation of 
faults, prognostic typically refers to predicting faults before 
they occur. In many applications, hoWever, early detection 
and diagnostics may serve the same end as prognostics. This 
is the case When failure propagation happens at a reasonably 
sloW pace. Small changes in system parameters typically do 
not have a substantial adverse effect initially. As such, 
accurate prediction of the time betWeen detection of a fault, 
that is, a small change to one or more system parameters, to 
full system deterioration or shutdoWn is not crucial. For 
instance, detection of HVAC system refrigerant charge leak 
age and air ?lter plugging are examples of failure modes for 
Which early detection of changes provides adequate infor 
mation to take timely maintenance action. 

Approaches to diagnostics may be divided into tWo broad 
categories. One category deals With direct measurement of 
monitored quantities and another category combines sensing 
technologies With mathematical algorithms. The technical 
emphasis in these approaches is the development of dedi 
cated sensors for measurement of crucial system parameters. 
While such approaches may be more accurate, they are 
typically costly as they involve adding dedicated hardWare 
for each failure mode of interest. In the combined approach, 
algorithms play the major role since they alloW inference 
about the health of the system from indirect measurements 
provided by the sensors. Because the addition of neW 
sensors is more expensive and more dif?cult to manufacture, 
algorithms alone are incorporated to utiliZe available sensors 
that are con?gured for a control purpose. 

Design of failure detection and diagnostics algorithms 
have been subject of extensive research ranging from sta 
tistical approaches and revieWs to techniques derived from 
arti?cial intelligence and reasoning, graph theory, and bond 
graphs. Several diagnostics techniques have been applied to 
the problem of chiller and HVAC fault isolation. Among 
knoWn approaches, “black-box” or data-driven techniques 
(such as neural networks) have received considerable atten 
tion. Such approaches are Well suited to domains Where data 
is abundant but physical knowledge about the phenomenon 
is scarce. HoWever, one problem With such approaches is 
that recalibrating the parameters of the black-box model 
typically requires extensive re-experimentation even if the 
system changes slightly as there is no direct linkage betWeen 
model parameters and physical system quantities. 
As such, there is a desire for an analytical approach to 

detect faults Which reconciles the results of knoWn data 
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2 
driven techniques With a physical understanding of the 
HVAC system and provides a direct linkage betWeen model 
parameters and physical system quantities to arrive at clas 
si?cation rules that are easy to interpret, calibrate and 
implement. 

SUMMARY OF THE INVENTION 

The present invention is directed to an analytical approach 
to detect faults by reconciling knoWn data driven techniques 
With a physical understanding of the HVAC system and 
providing a direct linkage betWeen model parameters and 
physical system quantities to arrive at classi?cation rules 
that are easy to interpret, calibrate and implement. 

The present invention focuses on tWo of the most com 
mon problems encountered a multi-modular split HVAC 
system, Which are detecting loW refrigerant conditions and 
air ?lter plugging. A method for refrigerant charge leak 
detection is disclosed that relies on a systematic technique 
for analysis of experimental data, extraction of fault signa 
tures, formulation of fault detection principals, and devel 
opment and implementation of diagnostic algorithms. A 
method of detecting air ?lter plugging is also disclosed that 
relies on reduced physics-based relationships in heat 
exchangers to estimate air mass ?oW through the heat 
exchangers. 

Both methods incorporate data ?ltering techniques to 
determine Which portions of data carry the most information 
regarding the underlying failure, variable sub-selection 
based upon available sensors, calculation of a distance 
betWeen faulty and normal data sets, and maximization of 
this distance With respect to ?ltering parameters and variable 
sub-selection. The sub-selected variables are then processed 
by classi?cation techniques to generate easy to interpret and 
easy to implement classi?cation rules. 

These and other features of the present invention can be 
best understood from the folloWing speci?cation and draW 
ings, the folloWing of Which is a brief description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is schematic illustration of an example HVAC 
system according to the present invention; 

FIG. 2 is a graph illustrating hoW data ?ltering is used to 
Zoom in on data depending on a transient response of a base 
signal; 

FIG. 3 is a How chart detailing an example charge leakage 
calculation; 

FIG. 4 is a How chart detailing an example air ?lter 
plugging calculation; 

FIG. 5 illustrates an algorithm response to induced loW 
system refrigerant charge conditions for a ?rst example 
MMS system; 

FIG. 6 illustrates an algorithm response to induced loW 
system refrigerant charge conditions for a second example 
MMS system; 

FIG. 7 is a graph illustrating a receiver operating char 
acteristic (ROC) for a loW charge detection algorithm; 

FIG. 8 illustrates an algorithm response to induced air 
?lter plugging conditions for a high Wall MMS system; 

FIG. 9 illustrates an algorithm response to induced air 
?lter plugging conditions for a 4-Way MMS system; and 

FIG. 10 is a graph illustrating a ROC for an air ?lter 
plugging detection algorithm. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

FIG. 1 is a schematic illustration of an example HVAC 
system 10 according to the present invention. In this 
example, the HVAC system 10 is a duct-free heat pump 
system known as a multi-modular split system (MMS). The 
MMS 10 includes one outdoor unit 12 and tWo indoor units 
14A and 14B, Which operate in a cooling mode to provide 
cool air to an interior space during a Warm or hot season and 
a heating mode to provide Warm air to the interior space 
during a cool or cold season. 

The outdoor unit 12 includes a pair of parallel compres 
sors 16, Which are variable speed, an outdoor expansion 
valve 18 to control a sub-cool in the cooling mode and to 
control a superheat in the heating mode, an outdoor heat 
exchanger 20, Which behaves as a condenser in the cooling 
mode and as an evaporator in the heating mode, and an 
outdoor fan 22. 

Each of the tWo indoor units 14A and 14B includes an 
indoor expansion valve 24, to control the sub-cool in the 
cooling mode and superheat in the heating mode, and an 
indoor heat exchanger 26, Which behaves as an evaporator 
in the cooling mode and as a condenser in the heating mode, 
and an indoor fan 28. 

A 4-Way valve 30 controls the mode of operation from the 
cooling mode to the heating mode and vice versa. The MMS 
10 also includes a receiver tank 32 for storage of refrigerant 
charge that is operable to change the amount of refrigerant 
charge circulated depending on the conditions. 

The speed of the compressors 16 and the indoor fan 28 are 
adjusted in response to a deviation betWeen a room tem 
perature and a set point. The speed of the compressors 16 is 
further adjusted to match the total cooling or heating 
demand. 

Expansion valves are disposed throughout the MMS 10. 
In the illustrated example, the expansion valves are pulse 
modulated valves 34 that are actuated via pulse modulation. 
The pulse modulated valves 34 are controlled by an actua 
tion signal that adjusts an opening of the pulse modulated 
valves 34 to control a How of refrigerant through the MMS 
10. Pulse modulated valves 34A and 34B are positioned 
in-line proximate to the indoor heat exchangers 26. A pair of 
pulse modulated valves 35 is positioned in-line betWeen a 
coil 36 and the receiver tank 32. 

Multiple sensors are also disposed throughout the MMS 
10. In the illustrated example, the sensors include a plurality 
of refrigerant-side temperature sensors 38, air-side tempera 
ture sensors 40, and pressure sensors 42. 

Refrigerant-side temperature sensors 38Ai38D are posi 
tioned near each end of each of the indoor heat exchangers 
26. Refrigerant-side temperature sensors 38E and 38F are 
positioned near one end of each of the compressors 16. 
Refrigerant-side temperature sensor 38G is positioned 
betWeen the 4-Way valve 30 and an accumulator 44. Refrig 
erant-side temperature sensor 38H is positioned betWeen the 
pair of pulse modulated valves 35 and the receiver tank 34. 
Refrigerant-side sensor 381 is positioned betWeen the out 
door heat exchanger 20 and the coil 36. 

Air-side temperature sensors 40A and 40B are positioned 
betWeen the indoor fans 28 and the indoor heat exchangers 
26 and air-side temperature sensor 40C is positioned proxi 
mate to the outdoor fan 20. 

Pressure sensor 42A is positioned proximate to the accu 
mulator 44 and pressure sensor 42B is positioned betWeen 
the compressors 16 and an oil separator 46. 
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4 
The present invention focuses on developing algorithms 

to detect faults Within the MMS 10 by utiliZing existing 
system sensors and data. An analytical method of diagnosing 
at least one system fault utiliZing existing system sensors is 
disclosed. The analytical method includes identifying sen 
sors that are available Within a given system, analyZing 
sensor data to determine Which of the available sensors 
generate data indicative of a system fault based upon a 
maximum separation/minimum overlap betWeen no-fault 
data and full-fault data for each available sensor, determin 
ing a fault relationship based on the analysis, comparing at 
least one measured system characteristic to the fault rela 
tionship and generating at least one fault code indicative of 
a failure mode When a system fault is identi?ed. HoWever, 
the system fault identi?ed is not necessarily the system 
characteristic directly monitored by the sensor generating 
the data that is being analyZed. For example, the sensor may 
generate data associated With a pressure Within the system, 
hoWever, the failure code generated may be indicative of a 
loW system refrigerant charge or an air ?lter plugging 
condition. 
The folloWing discusses the development of both a loW 

system refrigerant charge indicator and an air ?lter plugging 
indicator of the present invention. 

Development of a LoW System Refrigerant Charge Indica 
tor. 

A total MMS refrigerant charge is roughly proportional to 
a total volume ?lled With liquid refrigerant at any given 
point in time. LoW system refrigerant charge occurs When 
the total system liquid volume drops. When the MMS 10 
operates in the cooling mode, a total MMS refrigerant mass 
drops and the total MMS volume increases resulting in an 
overall increase in a volume of vapor refrigerant relative to 
a volume of liquid refrigerant. The overall increase in total 
MMS volume causes an increase in temperature of refrig 
erant exiting the indoor and outdoor heat exchangers 20 and 
26 to a temperature above the boiling point of the refrigerant 
When the refrigerant is in a vapor state or a decrease in 
temperature of refrigerant exiting the indoor and outdoor 
heat exchangers 20 and 26 to a temperature beloW the 
boiling point of the refrigerant When the refrigerant is in a 
liquid state. These phenomena are knoWn as superheat and 
sub-cool respectively. Under these conditions, the MMS 10 
Will tend to increase the vapor quality at those temperatures 
if saturated, thereby controlling the superheat. 

In most systems, the superheat is controlled by actuating 
an expansion valve. An increase in superheat requires a 
greater opening of the expansion valve to alloW an increased 
How of refrigerant to pass through the indoor and outdoor 
heat exchangers 20 and 26 to maintain the desired superheat. 
In the example illustrated, the expansion valve 34 is a pulse 
modulated valve (PMV) and actuation pf the PMV is con 
trolled via pulse modulation. As such, an increase in super 
heat translates into a higher pulse actuation Which in turn 
correlates to loW system refrigerant charge. In addition, loW 
system refrigerant charge is also associated With loWer 
system suction pressures. 
While the present invention focuses on the cooling mode, 

the principles discussed are not limited to the cooling mode 
and may also extend to the heating mode. 
The present invention includes a fault detection principal 

for identifying loW system refrigerant charge Which may be 
summariZed as folloWs: 

LoW refrigerant charge indicator uses larger average PMV 
opening of the indoor units OR smaller values of suction 
pressure observed during the ?rst feW minutes (e.g. l0*20 
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minutes) after the compressor speed (rpm) exceeds a thresh 
old (e. g. 40%*50% of its maximum rpm) excluding ?rst 0*2 
minutes of transient data. 

This fault detection principle is the result of a systematic 
approach for identi?cation of fault principles and decision 
rules for loW refrigerant charge detection. This approach 
applies several statistical classi?cation techniques to pre 
processed ?eld trial data as described beloW. The pre 
processing involves application of a data ?ltering process 
Whose objective is to Zoom into parts of the data that carry 
most information about the fault event of interest. 

The data ?ltering process decomposes a time-axis into 
time intervals during Which “interesting” transient or steady 
state behavior occurs. Compressor speed (rpm), denoted by 
v(t) at time t, is used as the base-signal for ?ltering. The base 
signal is the signal Whose temporal behavior is used to 
decompose the time axis as explained more closely beloW. 

The major step in the data ?ltering process is to decom 
pose the time axis into a sequence of intervals F:{Ik}. This 
decomposition is a function of three ?ltering parameters 
K ZOAZOQZO i.e. F:F(K,A,Q Where V is a threshold value, 
K is a pre-determined time period during Which an actual 
value measured by a sensor must remain above the threshold 
value V before a fault can be generated, and A de?nes a 
start-up time period during Which the data collected is not 
considered. F:{Ik} is constructed from another sequence 
{I'k}. Each element, Ik', is a closed time interval With the 
folloWing three properties: (1) the length I'k is larger than or 
equal to K, (2) v(t) 2V for all t in I'k, (3) Pk is the superset of 
all other overlapping closed intervals that possess the ?rst 
tWo properties. Furthermore, I'kOI'J-IQ for kzj. The sequence 
{I'k}, kIl, 2, 3, . . . , is ordered in such a Way that the 
supremum of all t belonging to I'k, denoted by e(I'k), is 
smaller than the in?mum of all t belonging to I'k+1 denoted 
by b(I'k+l). {Ik} is constructed by letting b(Ik):b(I'k) While 
e(Ik):max(e(I'k),b(Ik)+A). 
As illustrated in FIG. 2, the folloWing example illustrates 

shoW hoW data ?ltering can be used to Zoom in data 
depending on a transient response of the base signal: 

1. HP(A,V):F(0,A,Q Where A is small to medium, con 
structs a high-pass ?lter. Points A, B, and D are 
segmented out by HP(0,100%). 

2. BP(K,A,V):F(K,A,Q—F(K,K,V) Where K is small to 
medium and A is medium to large, constructs a band 
pass ?lter. Intervals C and E are segmented out by 

BP(l,2,l00%). 
3. LP(K,V):BP(K,o0,V):F(K,o0,Q-F(K,K,V) Where K is 
medium, constructs a loW-pass ?lter. An interval F is 
segmented out by LP(4,100%). 

Also note that if the data in FIG. 2 is sampled With a 
sampling interval 1, then a union of intervals segmented by 
mutually exclusive sets HP(0,100%), BP(l,2,l00%), and 
LP(4,100%) span all the data points for Which the base 
signal is at 100% of its full operation range. For example, 
suppose the data are sampled at a sampling interval AT. The 
union of the mutually exclusive sets HP(i><AT,Q, BP((i+l)>< 
(AT+l), j><AT, Q, and LP((i+j+2)><AT,V), Where i, j are 
integers, spans all the data points for Which the base signal 
is larger than or equal to V. (I) is used to generically refer to 
a union of all time intervals picked by the ?lter. 

To develop the fault detection principal, the time-axis is 
repeatedly decomposed into three disjoint sets of intervals 
characterized by high-pass, band-pass, and loW-pass condi 
tions using average speed of base compressors as the base 
signal and various ?ltering parameters. Each ?ltering results 
in a decomposition of time similar to the illustration in FIG. 
2. For each repetition of the ?ltering process, the three 
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6 
disjointed data sets Were analyZed based upon a set of 
statistical techniques consisting of sensor (variable) selec 
tion, calculation of distance betWeen no-fault and full-fault 
data sets, and fault pattern discovery. The data ?ltering 
process resulted in selection of an opening associated With 
the PMV and a suction pressure as the variables carrying 
most information about system refrigerant charge leakage. 
An optimal ?lter Was found to be BP(K,A,V) With KéZ, 
l0§A§20, and Vz50% of full compressor speed. Combin 
ing these results led to the loW system refrigerant charge 
fault detection principle stated above. 
The fault detection principal for loW system refrigerant 

charge is converted into an algorithm for loW system refrig 
erant charge detection and implemented by calculating a loW 
system refrigerant charge indicator over a batch of data of 
?xed length. The batch of data contains the most recent data 
points that have passed through the ?lter up to a point 
determined by its ?xed length. As more data points become 
available, they replace the oldest data points, keeping the 
length of the data batch ?xed. 

To illustrate, consider FIG. 2 again. Suppose that the ?lter 
used in the calculations is BP(l,2,l00%), segmenting inter 
vals C and E. Also suppose that the sampling time is l and 
the ?xed data length is 3. The batches of data in chrono 
logical order for this example Will be {9,10,15}, {10,15,16}, 
and {15,16,17}. A time calculated as an average (or median) 
time of the batches member points is assigned to each data 
batch. In this example, the times associated With {9,10,15}, 
{10,15,16}, and {15,16,17} Will be 11.3, 13.7, and 16 
respectively using averaging over the time points in the 
batch. A loW system charge indicator Within each batch is 
calculated by ?nding the fraction of points Within the batch 
for Which the PMV opening is above a threshold or the 
suction pressure is beloW a threshold. The calculated loW 
system charge indicator is assigned to the time associated 
With the batch. 

FIG. 3 is a How chart detailing an example charge leakage 
calculation. In this How chart: 

(I>(t) is a binary indicator that assumes one or Zero. (I>(t) 
is equal to one only if t belongs to an analysis period of 
interest, a set of all intervals picked by the designed 
?lter, and under a cooling mode operating condition 
(excluding compressor protection conditions). 

A batch of data, B, alWays keeps the most recent time 
points for Which (I>(t):l. A ?xed number of points NB 
in the batch are set by a user. Typical values for the 
MMS application are 24x60 or 12x60. 

C(B) denotes a number of elements of B. 

6 represents a sampling time. 6 should be larger than the 
data collection sampling time (in MMS case 1 minute), 
but may be selected larger to accelerate computations. 

Development of an Air Filter Plugging Indicator. 
An air ?lter plugging algorithm uses simple physical 

relations to estimate a mass How of air through each heat 
exchanger. Due to lack of suf?cient airside measurements, 
these relations are based on several simplifying assumptions 
as described beloW: 

Log-mean temperature and energy balance equations are 
applied to estimate the mass How of air in the heat 
exchanger. 

The mass How of air is inversely proportional to air ?lter 
resistance. 

A portion of the heat exchanger Where refrigerant super 
heats has large UA. 
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Refrigerant How is proportional to an opening associated 
With the PMV. 

Air latent cooling is negligible. 
Based on these assumptions, the inverse of air mass How 

in each heat exchanger is estimated via: 

As illustrated in FIG. 1, Ta is an indoor air temperature, 
Tcj is a middle of an indoor coil temperature (measuring a 
saturation temperature of the refrigerant in the heat 
exchanger), Tcl is a temperature of the superheated refrig 
erant ?owing out of the indoor unit heat exchangers 26, and 
PMV is an actuation signal of the pulse modulated expan 
sion valves 34A and 34B. 

In FIG. 1, the measurement points Ta,Tcl,Tcj are respec 
tively marked/numbered by TA-A, TCl-A, and 11 for indoor 
unit 14A and TA-B, TCl-B, and 13 for indoor unit 14B. 

Because these assumptions ignore several sources of 
variability such as latent cooling, an analysis is performed 
over longer periods to “average out” possible unknown 
elfects. Similar to the development of the loW system 
refrigerant charge indicator discussed above, batches of data 
are processed for calculation of the air ?lter plugging 
indicator. From this point of vieW, the algorithm is identical 
to the calculation of the loW system refrigerant charge 
indicator for data batches of certain siZe. 

Because the air ?lter plugging algorithm estimates the 
inverse of air mass How in each indoor heat exchanger 26 
While the indoor fan 28 runs at various speeds, it is recom 
mended that calculation of the air ?lter plugging indicator 
and its comparison to a threshold be performed for each fan 
speed separately. Although the fan speed data is not directly 
available, a set-point for the speed (FANTAP) is available 
and may be used as a proxy for the fan speed. 

The data ?ltering process for calculation of the air ?lter 
plugging indicator is much simpler than the data ?ltering 
process for loW system refrigerant charge indicator calcula 
tion. The calculation of the air ?lter plugging indicator 
involves capturing sensor data that satis?es basic regularity 
principles needed for application of log mean temperature 
and energy balance in the cooling mode operations. The 
?lter (I) is set to one at each time point if Ta>Tc]-,Tcl>Tc]-, 
PMV larger than a threshold (a value of about 100 is 
appropriate), and FANTAP is equal to a mode for Which the 
calculation is performed. 

FIG. 4 is a How chart detailing an example air ?lter 
plugging calculation. In this How chart: 

(I>(t) is a binary indicator that assumes one or Zero. (I>(t) 
is equal to one only if t belongs to an analysis period of 
interest, a set of all intervals picked by the designed 
?lter, and under a cooling mode operating condition 
(excluding compressor protection conditions). 

A batch of data, B, alWays keeps the most recent time 
points for Which (I>(t):1. A ?xed number of points NB 
in the batch are set by a user. Typical values for the 
MMS application are 24x60 or 12x60. 

C(B) denotes a number of elements of B. 
6 represents a sampling time. 6 should be larger than the 

data collection sampling time (in MMS case 1 minute), 
but may be selected larger to accelerate computations. 

FIG. 5 and FIG. 6 shoW an algorithm response to induced 
loW system refrigerant charge conditions for a ?rst example 
MMS and a second example MMS respectively. Both 
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8 
example MMS’s include one outdoor unit and ?ve indoor 
units Which Were designed to meet the cooling and heating 
demands of tWo of?ce rooms and tWo conference rooms. In 
calculating the results, the thresholds that Were optimiZed 
for the ?rst system Were directly applied to a data set of the 
second system Without any further tuning. In other Words, 
the ?rst system data set Was used for “algorithm training” 
While the second system data Was used for validation. 

In regard to the loW system refrigerant charge, the plots 
illustrated in FIG. 5 and FIG. 6 shoW the value of a loW 
system refrigerant charge indicator as a function of the 
number of data batches processed by the algorithm. The data 
batches are ordered chronologically. The loW system refrig 
erant charge indicator for each batch of data is calculated by 
?nding a percentage of points Within the batch for Which an 
opening associated With the PMV is larger than a pre 
determined threshold or a suction pressure is smaller than a 
pre-determined threshold. The variation in intensity of the 
plot line represents an actual charge averaged over all the 
points in the batch of data. For instance, if 40% of the points 
Within the batch have 30% charge loss While the rest have 
full charge (0% charge loss), the average actual charge loss 
for that batch of data Will be 12%, Which is referred to as an 
average actual fault (AAF). From this plot, one may deduce 
that a value of indicator above 10*15% Would ?ag loW 
charge condition (>25% AAF). 

FIG. 7 plots a receiver operating characteristic (ROC) of 
the loW system refrigerant charge detection algorithm. ROC 
is a Widely used tool for assessment of the performance of 
detection algorithms independent from a detection thresh 
old. ROC plots detection rate (hit rate) of an algorithm as a 
function false alarms (false positives) generated by the 
algorithm. Detection rate or hit rate measures the probability 
of the loW system refrigerant charge indicator raising an 
alarm given a failure event actually happens. False alarm or 
false positive measures the probability of indicating a failure 
When no failure is actually present. An ideal ROC curve Will 
have 100% detection rate for any positive false alarm. 

Conceptually, ROC may be calculated by changing the 
detection threshold from its minimum to its maximum 
possible value, calculating a false alarm-detection rate pair 
for each chosen detection threshold, and plotting the calcu 
lated pairs. In other Words, each point on the ROC curve is 
associated With one threshold value. When generating the 
ROC in FIG. 7, presence of a faulty condition for a batch of 
data is de?ned as AAF>15% for that data batch. The absence 
of a fault for the data batch is de?ned as AAF<5%. 

FIG. 8 and FIG. 9 shoW an algorithm response to induced 
air ?lter plugging at a high Wall unit and a 4-Way unit 
respectively. The presented results are based on data col 
lected from a ?rst system at a high fan speed. The plots shoW 
a value of an air ?lter plugging indicator as a function of a 
number of data batches processed by the algorithm (ordered 
chronologically). A variation in intensity of the plot line 
represent the actual average fault (AAF), de?ned similarly 
above. For instance, if 40% of the points Within the batch 
have 50% plugging While the rest have no plugging (0% 
plugging), the AAP for that batch Will be 20%. From this 
plot, one may deduce that a value of the air ?lter plugging 
indicator above 15 Would ?ag plugging conditions. 

FIG. 10 plots a ROC for the air ?lter plugging detection 
algorithm. When generating the ROC in FIG. 10, presence 
of a faulty condition for a batch of data is de?ned as 
AAF>25%. The absence of fault for the data batch is de?ned 
as AAF<5%. 

Although preferred embodiments of this invention have 
been disclosed, a Worker of ordinary skill in this art Would 
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recognize that certain modi?cations Would come Within the 
scope of this invention. For that reason, the following claims 
should be studied to determine the true scope and content of 
this invention. 

What is claimed is: 
1. A method of diagnosing at least one system fault 

comprising the steps of: 
(a) identifying sensors available Within a system, Wherein 

identi?ed sensors generate sensor data relating to sys 
tem operating characteristics; 

(b) analyZing the sensor data to identify patterns indica 
tive of at least one failure mode, Wherein the sensor 
data is analyZed under a full-fault condition and under 
a no-fault condition; 

(c) determining a fault relationship based upon identi?ed 
patterns; 

(d) comparing at least one system operating characteristic 
to the fault relationship to identify a system fault; and 

(e) generating at least one fault code indicative of the at 
least one failure mode When a system fault is identi?ed 
in step (d). 

2. The method of diagnosing at least one system fault as 
recited in claim 1, Wherein step (b) further includes the steps 
of: 

(f) generating a full-fault data set under the full-fault 
condition and a no-fault data set under the no-fault 
condition from each of the identi?ed sensors; 

(g) comparing the full-fault data set from each of the 
identi?ed sensors With the no-fault data set from the 
same identi?ed sensor, 

(h) identifying a maximum separation betWeen the ?lll 
fault data set and the no-fault data set for each identi?ed 
sensor; 

(i) selecting the identi?ed sensor associatcd With a great 
est maximum separation betWeen the full-fault data set 
and the no-fault data set associated With the identi?ed 
sensor; and 

(j) identifying the at least one system characteristic of step 
(d) based upon the selected identi?ed sensor of step (i). 

3. The method of diagnosing at least one system fault as 
recited in claim 1, Wherein step (c) further includes the steps 
of: 

(k) determining a threshold value associated With the at 
least one system characteristic; 

(1) monitoring an actual value associated With the at least 
one system characteristic; and 

Wherein step (e) further includes generating the at least 
one fault code based upon a comparison of the actual 
value and the threshold value. 

4. The method of diagnosing at least one system fault as 
recited in claim 3, Wherein step (k) further includes the steps 
of: 

(m) calculating a distance betWeen the full-fault data set 
and the no-fault data set for the selected identi?ed 
sensor associated With the maximum separation; and 

(n) maximiZing the distance based upon ?ltering param 
eters and variable sub-selection. 

5. The method of diagnosing at least one system fault as 
recited in claim 3, Wherein step (e) further includes the step 
of: 

(0) identifying at least one other system characteristic not 
monitored by any of the identi?ed sensors, Wherein at 
least one other system characteristic is indicative of the 
at least one system failure mode associated With the at 
least one fault code. 
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10 
6. The method of diagnosing at least one system fault as 

recited in claim 5, Wherein step (e) further includes the steps 
of: 

(p) calculating an avenge value associated the at least one 
other system characteristic for a given sampling time; 
and 

(q) monitoring an actual value associated With the at least 
one other system characteristic. 

7. The method of diagnosing at least one system fault as 
recited in claim 6, Wherein step (e) further includes gener 
ating the at least one fault code When the actual value 
associated With the at least one system characteristic exceeds 
the threshold value and the actual value associated With the 
at least one other system characteristic exceeds the average 
value. 

8. The method of diagnosing at least one system fault as 
recited in claim 7, Wherein the at least one system charac 
teristic is associated With a degree of actuation of at least one 
control valve Within With the system. 

9. The method of diagnosing at least one system fault as 
recited in claim 6, Wherein step (e) further includes gener 
ating the at least one fault code When the actual value 
associated With the at least one system characteristic falls 
beloW the threshold value and the actual value associated 
With the at least one other system characteristic exceeds the 
avenge value. 

10. The method of diagnosing at least one system fault as 
recited in claim 9, Wherein the at least one system charac 
teristic is a suction pressure associated With a compressor. 

11. The method of diagnosing at least one system fault as 
recited in claim 1, Wherein step (c) further includes the steps 
of: 

(r) analyZing the identi?ed patterns; and 
(s) combining the iderni?ed patterns With available physi 

cal system information to determine the fault relation 
ship. 

12. The method of diagnosing at least one system fault as 
recited in claim 1, further ineJuding the steps of: 

(t) determining a threshold value associated With the at 
least one system operation characteristic of step (d); 

(u) estimating a second system operating characteristic; 
and 

(v) measuring a third system operating characteristic, 
Wherein the threshold value and the second system 
operating characteristic are calculated and estimated 
respectively based upon the third system operating 
characteristic. 

13. The method of diagnosing at least one system fault as 
recited in claim 12, Wherein the second system operating 
characteristic is indicative of the at least one system failure 
mode associated With the at least one fault code. 

14. The method of diagnosing at least one system fault as 
recited in claim 13 Wherein step (e) further includes the step 
of: 

(v) calculating an avenge value associated With the second 
system operating characteristic for a given sampling 
time; and 

(W) monitoring an actual value of the second system 
operating characteristic. 

15. The method of diagnosing at least one system fault as 
recited in claim 14, Wherein step (e) further includes gen 
erating the at least one fault code When the actual value 
associated With the at least one system operating character 
istic exceeds the threshold value and the actual value of the 
second system operating characteristic exceeds the average 
value. 
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16. The method of diagnosing as least one system fault as 
recited in claim 1, Wherein the system is a vapor compres 
sion system. 

17. The method of diagnosing as least one system fault as 
recited in claim 16, Wherein the identi?ed sensors in the 
vapor compression system include at least one pressure 
sensor, at least one temperature sensor, and at least one valve 
sensor. 

18. A vapor compression system comprising: 
at least one indoor unit including at least one indoor 

sensor and at least one indoor valve; 
at least one outdoor unit in communication With the at 

least one indoor unit and including at least one outdoor 
sensor and at least one outdoor valve; 
a control device for controlling the at least one indoor 

unit and the at least one outdoor unit, Wherein the 
control device further includes: 

a controller that collects and interprets data from the at 
least one indoor sensor and the at least one outdoor 

12 
sensor and generates at least one fault code based on the 

data, Wherein the at least one fault code is generated 
based upon analysis of the data under a full-fault 
condition and under a no-fault condition. 

19. The system of claim 18, Wherein the controller com 
bines the data With available system information from the at 
least one indoor unit and the at least one outdoor unit to 

generate the at least one fault code. 

20. The system of claim 18, Wherein the controller 
receives a plurality of data inputs associated With a plurality 
of system operating characteristics, calculates an indicator 
based upon the plurality of system operating charactedstics, 
and generates the at least one fault code based upon a 
comparison of the indicator to a threshold. 
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